ABSTRACT. Eucommia ulmoides Oliver, a single extant species of Eucommiaceae, is an endemic dioecious tree in China. The natural resources of E. ulmoides have rapidly declined in recent years because of the over-collection of its cortex. To design a suitable protection strategy, it is necessary to develop a set of molecular markers to investigate genetic diversity and population structure of E. ulmoides. Pyrosequencing of an enriched microsatellite library by Roche 454 FLX+ platform was used to isolate simple sequence repeats (SSRs) for E. ulmoides. A total of 1568 SSRs that contained enough flanking sequences for primer pair design were identified from 45,236 raw sequence reads. One hundred SSRs were randomly selected to design primer pairs and polymerase chain reaction was performed. Among these 100 tested primer pairs, 16 were polymorphic across 18 individuals from three E. ulmoides populations. The number of alleles ranged from 3 to 8, with an average of 5.1. The expected heterozygosity ranged from 0.110 to 0.830, with an average of 0.648, and the observed heterozygosity ranged from 0.111 to 0.833, with an average of 0.524. The inbreeding coefficient ranged from -0.349 to 0.547. This set of microsatellite markers could be valuable for landscape genetic structure assessment and molecular marker-assisted breeding in E. ulmoides.
INTRODUCTION
Eucommia ulmoides Oliver, a single extant species of Eucommiaceae, is an endemic dioecious tree in China. Its cortex has been used in traditional Chinese medicine for over 2000 years. Previous studies revealed that the pharmacological properties of its leaves are similar to those of its cortex (Hussain et al., 2003; Chen et al., 2010) . It is pharmacologically used to treat lumbago and hypertension, prevent bone senescence, and enhance liver and kidney functions. The cortex is also used as a raw material in the chemical industry for the guttapercha production. For these reasons, the cortex has been over-harvested for its high medical and industrial value. E. ulmoides is currently on the red list of endangered plant species of China (Yao et al., 2012) . To design a suitable protection strategy, it is necessary to develop a set of molecular markers to investigate genetic diversity and population structure of E. ulmoides. Although, molecular markers such as random amplified polymorphic DNA (RAPD; Wang et al., 2006) and amplified fragment length polymorphism (AFLP; Yao et al., 2012) have been used to investigate the genetic diversity of E. ulmoides, simple sequence repeats (SSRs) have been considered more reliable markers owing to their high reproducibility (Li et al., 2002; Wei et al., 2013) . Deng et al. (2006) first reported on microsatellite markers of E. ulmoides using the traditional fast isolation by AFLP sequences containing repeats protocol. However, a limited number of markers do not meet the requirements of a survey of landscape genetic structure (Hall and Beissinger, 2014) . Meanwhile, because of its endangered status, artificial cultivation of E. ulmoides has been started in China. This requires higher molecular marker density to help future variety breeding.
With the development of technology, next-generation sequencing technique has widely been used for SSR isolation (Fu et al., 2014; Li et al., 2015) . Next-generation sequencing can be used to obtain a large number of markers in a short time. In the present study, we report a large number of SSRs for E. ulmoides, obtained using a Roche 454 FLX+ platform.
MATERIAL AND METHODS

Plant material and DNA extraction
Fresh leaves of E. ulmoides were collected from 18 individuals belonging to three natural populations (Xinyang: 31.911°N, 114.110°E; Nanyang: 33.619°N, 111.737°E; Luoyang: 33.773°N, 111.627°E) from Henan Province of China. Vouchers were deposited in the herbarium of the Institute of Chinese Materia Medica at Henan University (Herbarium accession No. HCMM-101-118). Total genomic DNA was extracted from fresh leaves using a plant genomic DNA extraction kit DP305 (Tiangen Biotech, Beijing, China) according to the manufacturer protocol.
DNA sequencing and microsatellite locus searching
Approximately 2 µg genomic DNA was used to construct a DNA library according to the Roche 454 GS-FLX+ library preparation protocol. Hybridization of eight biotinylated oligonucleotides [(AG) 10 , (AC) 10 , (AAC) 8 , (ACG) 8 , (AAG) 8 , (ACAT) 6 , (ATCT) 6 , and (AGG) 8 ] with the DNA library was performed to enrich the repetitive motifs. The enriched products were then sequenced using Roche 454 FLX+ platform by Personalbio (Shanghai, China). One-twelfth run was performed on the sequencing platform. The program, MISA (Thiel et al., 2003) , was used to search for SSR loci with the default settings and Primer3 (Rozen and Skaletsky, 2000) was used to design primer pairs keeping the default settings.
Polymerase chain reaction (PCR) and genotyping
PCRs were performed in a 20-µL reactions that contained 50 ng genomic DNA, 0.5 µM each primer, and 10 µL 2X Taq PCR MasterMix (0.1 U Taq polymerase/µL, 0.5 mM dNTPs, 20 mM Tris-HCl, pH 8.3) using an S1000 Thermal cycler (Bio-Rad, USA). PCR conditions were as follows: pre-incubation at 94°C for 5 min; followed by 35 cycles of denaturation at 94°C for 50 s; annealing at a locus-specific temperature for 45 s; elongation at 72°C for 50 s; a final extension step at 72°C for 8 min. PCR products were tested for polymorphism using 8% native polyacrylamide gels and visualized by silver nitrate staining.
Data analysis
Electropherograms for the fragment analysis were analyzed using the GeneMarker software v1.95 (SoftGenetics, State College, PA, USA). The number of alleles per locus (N A ), observed heterozygosity (H O ), expected heterozygosity (H E ), and deviations from HardyWeinberg equilibrium (HWE) were calculated with Popgene v1.32 (Yeh et al., 2000) . Linkage disequilibrium (LD) between the pairs of SSR loci were calculated using GENEPOP v4.2 (Rousset, 2008) . Inbreeding coefficients (F IS ) were calculated by FSTAT v2.9.3.2 (Goudet, 1995) .
RESULTS AND DISCUSSION
One-twelfth run of Roche 454 pyrosequencing yielded 45,236 raw sequence reads, ranging from 355 to 986 bp with an average length of 573 bp. A total of 1568 SSRs were identified that contained enough flanking sequences for primer pair design. These sequences were deposited in the NCBI GenBank (GenBank accession Nos. KP248123-KP249690). One hundred SSRs were randomly selected to design primer pairs and PCR amplifications were performed. Because of the amplification of multiple bands or unsuccessful amplification of the target fragments, seventy-eight primer pairs were discarded. The remaining pairs were tested for polymorphisms using 18 individuals from three E. ulmoides populations; polymorphic amplification products were obtained in 16 individuals (Table 1) . For polymorphic primer pairs, N A per locus ranged from 3 to 8, with an average of 5.1 (Table 1) . H E and H O ranged from 0.110 to 0.830 (with an average of 0.648) and from 0.111 to 0.833 (with an average of 0.524) at the species level, respectively (Table 1) . F IS varied from -0.349 to 0.547 (Table  1) . Genetic diversity parameters in each population are presented in Table 2 . Six SSR loci (DZ4, DZ7, DZ8, DZ10, DZ11, and DZ14) showed significant deviation from the HWE (P < 0.05) due to heterozygote excess or deficiency. Four pairs of loci, namely, DZ1 and DZ4, DZ6 and DZ8, DZ8 and DZ14, and DZ6 and DZ16, showed significant LD, indicating significant allelic associations between these loci. This set of microsatellite markers could be valuable for landscape genetic structure assessment and molecular marker-assisted breeding in E. ulmoides. N = number of individuals tested; N A = number of alleles; H E = expected heterozygosity; H O = observed heterozygosity; F IS = inbreeding coefficient; *Significant deviation from Hardy-Weinberg equilibrium; -= not surveyed. 
